Background: HIV infection occurs in 30% of children with severe acute malnutrition in sub-Saharan Africa. Effects of HIV on the pathophysiology and recovery from malnutrition are poorly understood.
Introduction
Malnutrition is a major determinant of morbidity and mortality in the developing world and is the underlying cause of 3.5 million child deaths each year [1] . Poor nutrition increases greatly a child's risk of dying from diarrhea, pneumonia, measles, and malaria and is associated with decreased adult height, lower educational achievement, lower socioeconomic status, and a possible increase in chronic diseases during adulthood [2, 3] . Worldwide, malnutrition represents 35% of the burden of disease in children less than five years of age and 11% of disabilityadjusted life years (DALYs) [1] .
In sub-Saharan Africa, 30% of children with severe acute malnutrition (SAM) are infected with HIV, which increases mortality rates substantially; those with CD4 count ,20% are at greatest risk [4, 5] . However, the factors underlying the increased risk of mortality from HIV are poorly understood. Rates of pneumonia (68%), urinary tract infection (26%), and bacteremia (18%) are comparable in severely malnourished HIV-infected and HIV-negative children [6] . Furthermore, among those who survive, the rates of nutritional recovery are similar [7] . There is consequently a critical need to elucidate the pathophysiology of SAM in children with concurrent HIV infection.
In a previous study we used metabolomic profiling to characterize changes in various hormones, growth factors, cytokines, and metabolites during nutritional rehabilitation of severely malnourished Ugandan children [8] . Here we characterized differences in baseline metabolic and hormonal status between HIV-infected and HIV-negative children with SAM and compared their subsequent responses to nutritional therapy. We hypothesized that HIV infection would modify the hormonal and metabolic responses to malnutrition and nutrient therapy and that hormones and metabolites measured at baseline might be associated with mortality in HIV-infected children.
Methods

Study Cohort
The study was conducted at Mwanamugimu Nutrition Unit at Mulago Hospital, in Kampala, Uganda. Children ages six months to five years who met WHO criteria for SAM were eligible for enrollment. SAM was defined as having a weight-for-height zscore (W/H z) ,23, mid-upper arm circumference (MUAC) , 11.5 cm, or bilateral pitting edema. Referrals came from the Mulago pediatric acute care unit (emergency department) and community clinics in and around Kampala.
Study Variables
A complete medical and diet history, sociodemographic profile, and physical exam including anthropometric data were obtained at time of enrollment. Lab studies included CBC and differential, blood smear, and CD4/CD8 counts (FACSCalibur, BD Biosci- ences, USA). HIV status was assessed using an HIV rapid antibody test (Determine, Abbott, USA; STAT-Pak, Chembio Diagnostics, USA; Uni-Gold, Trinity Biotech, Ireland) for patients .18 months of age and HIV DNA PCR (AMPLICOR HIV-1 Monitor Test version 1.5, Roche, USA) for patients ,18 months. Children whose mothers had a documented negative HIV test within the previous 30 days were presumed to be HIV negative. Children with known HIV infection did not have repeat HIV testing. Those with malaria were treated with anti-malarials. All patients received counseling from a trained HIV counselor at Mwanamugimu Nutrition Unit before delivering results; HIVinfected patients were referred for appropriate HIV-related care.
Nutritional Interventions
Nutrition rehabilitation and management of medical complications were carried out according to WHO guidelines for inpatient treatment of SAM by medical house officers at Mwanamugimu Nutrition Unit [9] . Inpatient therapy was administered in two phases according to WHO guidelines: an initial stabilization phase during which acute medical conditions were managed; and a longer rehabilitation phase once clinical status improved. Patients were fed F75 mild-based liquid formula (75 kcal and 0.9 g protein/100 mL) during the first phase and F100 (100 kcal and 2.9 g protein/100 mL) during the rehabilitation phase. Micronutrient deficiencies were corrected with vitamin A, folic acid, zinc, and iron. All patients received empiric antibiotics [9] . Patients were followed from time of enrollment until death or discharge from the inpatient unit.
Metabolomic Analysis
Blood samples (maximum 5 mL) were collected at time of enrollment (within 24 h of admission). A second blood sample was collected after 14 days of inpatient treatment or at time of discharge from the inpatient unit, whichever occurred first. Aprotinin (500 KIU/mL of blood; Sigma-Aldrich, USA) was added to prevent protein degradation. Blood samples were collected on ice and processed promptly; EDTA plasma was stored at 270uC and shipped in bulk to the Duke University Stedman Nutrition Center for analysis. Detailed methods of the metabolic and hormonal analyses are described in the Supporting Information (Methods S1).
Statistical Analysis
Sample size was based on commonly reported concentrations and variability of classical hormones (insulin, growth hormone, cortisol) in infants and children. We evaluated pre-treatment anthropometric variables and biomarkers using non-parametric Wilcoxon Rank-Sum and absolute change during treatment using Wilcoxon Signed-Rank based on variables of interest (HIV status, mortality). The association between HIV status and mortality was assessed utilizing an odds ratio. We performed multivariable logistic and linear regression to evaluate associations between biomarkers levels, HIV status, and mortality. Analysis of leptin and total and high molecular weight (HMW) adiponectin excluded patients taking antiretroviral drugs (ARVs), given the known effects of these medications on these hormones [10] [11] [12] [13] [14] . Edematous children were excluded from analysis of anthropometric variables based on weight. All analyses were conducted using JMP Pro 9.0 (Cary, NC); a two-sided p-value,0.05 was considered statistically significant for all tests.
Ethical considerations
The study protocol was approved by the institutional review boards at Duke University, Makerere University School of Public Health, and the Uganda National Council of Science and Technology. Sponsors of the study assisted with data interpretation but had no role in study design, data collection, or data analysis.
Written informed consent (in English and Luganda) to participate in the study and all its components was obtained from all guardians. Each patient received an insecticide-treated bed net at enrollment and transportation money to return home at the time of discharge as compensation for participation.
Results
Study Population
A total of 77 patients were referred to Mwanamugimu Inpatient Nutrition Unit and screened for study enrollment between December 2010 and March 2011. One patient refused to participate, another was deemed clinically unstable by the medical house officer for extra blood draws, and a third was transferred from the ward after only HIV status was assessed. Therefore, 75 patients had known HIV status and 74 had complete admission anthropometry. Analyses of hormones, metabolites, and cytokines were performed on blood samples from 62 patients at admission (16 HIV-infected including three on ARVs and 46 HIV-negative); 54 of these patients had repeat samples analyzed after 14 days of hospitalization and eight patients died before the second sample was obtained. Initial samples were insufficient in one additional patient (who died) and were not analyzed in 11 patients who left the ward prior to completing at least 14 days of treatment (including two HIV-infected patients, one of whom was on ARVs) ( Figure 1 ). The patient population was 57.3% male; mean age was 16.361.0 months (mean6SE). 56.8% (42/74) presented with edematous malnutrition. Non-edematous children had an initial W/H z-score 24.2760.24 and MUAC 9.860.2 cm. Mean length-for-age (L/A) z-score was 22.9760.18; head circumference-for-age (HC/A) z-score was 21.1560.18. 9.5% (7/74) had malaria; one HIV-infected patient had concurrent malaria ( Table 1) .
As previously reported, overall mortality was 12.2% (9/74). Of those who successfully completed inpatient nutritional rehabilitation, mean length of stay was 25.2 days. During hospitalization, mean W/H z-score increased 1.0060.18 in non-edematous children. Among surviving patients, 80% (52/65) were followed until discharge and 20% (13/65) left the ward against medical advice before achieving nutritional stability.
Baseline Characteristics of HIV-infected and HIV-negative Patients
HIV prevalence in the study population was 24% (18/75); twothirds (12/18) of these were newly diagnosed HIV infections. Four of the six previously diagnosed patients were being treated with ARVs upon admission ( Table 1) .
Similar proportions of HIV-infected and HIV-negative patients presented with edematous malnutrition (p = 0.589). Non-edematous HIV-infected and HIV-negative patients presented with similar degrees of wasting (W/H z-score 24.44 vs. 24.20, p = 0.615). HIV-infected children had lower absolute CD4 counts (644 vs. 2734, p,0.0001), WBC counts, hemoglobin, and platelets ( Table 1) .
HIV-infected patients had increased mortality rates: 33.3% for seropositive children compared with 5.4% for seronegative children (OR = 8.83, CI 1.93-40.43, p = 0.0051). Among those who survived, there were similar improvements in W/H z in (nonedematous) HIV-infected and HIV-negative patients after 14 days (0.85 vs. 0.43, p = 0.412). 
Effects of HIV Infection on Baseline Metabolic Profile
Both HIV-infected and HIV-negative patients presented in a severe catabolic state with exaggerated lipolysis, fatty acid oxidation, and hypoaminoacidemia ( Table 2 and 3) . Nonesterified fatty acids (NEFA), ketones, C2 acyl (acetyl)carnitine, and even-chained acylcarnitine molar sum were elevated in both groups at presentation, though ketones (p = 0.039), acetylcarnitine (p = 0.0103), and even-chained acylcarnitine molar sum (p = 0.0108) were higher in HIV-infected patients. Levels of albumin, amino acids, and C3 acyl (propionyl)carnitine, a byproduct of branched chain amino acid catabolism, were comparably low in both groups. Yet blood glucose levels were maintained in the normal range. Triglycerides were higher in HIV-infected patients (p,0.001). Moreover, a number of inflammatory markers, including CRP, IL-2, IL-6, IL-8, and TNF-a were higher in HIV-infected patients, with IL-2 (p = 0.016) and TNF-a (p = 0.025) reaching statistical significance ( Table 2) . Edematous patients had higher alanine amino transferase (ALT) and gamma glutamyl transpeptidase (GGT) levels and lower albumin and amino acid levels than non-edematous patients (data not shown); these metrics did not differ among the HIV-infected and HIV-negative groups. Edematous patients also had lower total and HMW adiponectin levels; however, edema did not modify the association between HIV status and hypoadiponectinemia. Insulin and IGF-1 levels were low in both HIV-infected and HIV-negative subjects, while growth hormone (GH), ghrelin, cortisol, GLP-1, and peptide YY (PYY) were high (compare levels to those in references [15] [16] [17] [18] ). Excluding analysis of three patients taking ARVs, which are known to affect adipose tissue function, the levels of leptin (p = 0.016), total adiponectin (p = 0.0017), and high molecular weight (HMW) adiponectin (p = 0.0014) were significantly lower in HIV-infected than in HIV-negative subjects ( Table 2) . Multivariate logistic regression controlling for the degree of wasting (as assessed by W/H z-score) established that HIV infection was associated with lower total adiponectin (p = 0.0113) and HMW adiponectin (p = 0.009), but not lower leptin (p = 0.157) ( Table 4) .
Effects of HIV Infection on Metabolic Response to Nutritional Rehabilitation
54 patients had blood samples drawn both at admission and after 14 days of treatment. We were unable to obtain day-14 samples in any of the patients who died.
HIV-infected and HIV-negative patients demonstrated similar trends in most metabolites, hormones, and cytokines in response to nutritional treatment. NEFA, total ketones, and even-chained acylcarnitines decreased ( Figure 2 and Table 5 ), while albumin and the majority of amino acids increased ( Table 6 ). There was a rise in the levels of propionylcarnitine (HIV-infected: 0.50 vs. 0.65, p = 0.2754; HIV-negative 0.36 vs. 0.67, p,0.0001), likely reflecting the catabolism of (newly available) dietary branched chain amino acids [19] . Plasma insulin, IGF-1, and leptin increased while plasma ghrelin, GH, and cortisol declined. The majority of inflammatory markers decreased in both groups (statistically significant for IL-6 and CRP). After 14 days of nutritional therapy, there were no significant differences among surviving HIV-infected and HIV-negative patients with respect to NEFA, total ketones, insulin, IGF-1, leptin, ghrelin, GH, cortisol, GLP-1, PYY, IL2, IL6, IL8, or TNF-a levels ( Figure 2 and Table 5 ).
However, HIV status was associated with differential effects on adiponectin levels during nutritional recovery. Excluding patients on ARVs, HIV-infected patients had no significant changes in total (8383 vs. 10154, p = 0.2969) or HMW adiponectin (5308 vs. 5717, p = 0.625). In contrast, HIV-negative patients had marked increases in total (15115 vs. 20792, p,0.0001) and HMW adiponectin (9350 vs. 14895, p,0.0001) during recovery. Furthermore, after 14 days of treatment, HIV-infected patients still had significantly lower levels of total (p = 0.0023) and HMW adiponectin (p = 0.0019) than HIV-negative patients ( Figure 2 and Table 5 ).
Predictors of Mortality During Inpatient Treatment
Non-edematous patients who died had more striking manifestations of wasting than those who survived, as reflected in lower W/H z-score (26.28 vs. 23.98, p = 0.0244) and MUAC (7.8 vs. 10.1, p = 0.0019). In all patients, there was a greater degree of stunting in those who died (L/A z-score 24.03 vs. 22.82, p = 0.0454) ( Table 7) .
In addition to HIV infection, factors at baseline associated with subsequent mortality were hypoleptinemia (p = 0.0002), low levels of HMW adiponectin (p = 0.0149), and high levels of PYY (p = 0.0087), IL2 (p = 0.0004), IL6 (p = 0.004), and TNF-a (p = 0.0203) ( Table 7 ) [8] . Multivariate logistic regression analysis controlling for HIV status and admission W/H z showed that hypoleptinemia at baseline remained a significant predictor of mortality (OR 0.906, CI 0.827-0.993, p = 0.035) while HMW adiponectin at baseline became insignificant. Mortality did not vary with other baseline measures including presence of edema, hemoglobin, glucose, creatinine, albumin, phosphorus, other hormones and growth factors, fatty acid metabolites, or amino acid or cytokine levels. Table 6 . Changes in Amino Acid Levels of HIV-infected (surviving) and HIV-negative patients.
HIV-infected (n = 10)
HIV-negative (n = 44) 
Discussion
Malnutrition remains a major cause of morbidity and mortality, with the greatest impact in low-income countries. HIV infection is detected in 30% of children with SAM and is associated with greatly increased mortality rates [4] . The role of HIV in the pathophysiology of malnutrition is poorly understood. Here we characterized differences in baseline metabolic and hormonal status between HIV-infected and HIV-negative children with SAM and compared their subsequent responses to current WHO recommended nutritional therapy. A major finding of this study is that HIV-infected children with SAM present with significant reductions in the adipocytokines leptin and adiponectin that are associated with mortality during inpatient hospitalization.
In our study the prevalence of HIV infection was 24%, with two-thirds of these representing new diagnoses. Mortality in HIVinfected children was very high (33.3%), similar to results from a previous meta-analysis [4] . HIV-infected and HIV-negative patients presented with similar degrees of wasting and edema, and among those who survived, achieved similar rates of growth and recovery. A previous study found HIV-infected patients to be more wasted at baseline; nevertheless that study, like ours, noted that seropositive and seronegative patients achieve similar rates of catch-up growth during nutritional treatment and that increased wasting at presentation is associated with mortality [7] .
Both HIV-infected and HIV-negative children presented in a severe catabolic state characterized by elevated NEFA, total ketones, and even-numbered acylcarnitines (derived from fatty acid oxidation) and striking reductions in serum albumin and amino acids. At the same time, blood glucose levels were maintained in the normal range. Leptin, adiponectin, insulin, and IGF-1 levels were low while growth hormone, cortisol, and ghrelin levels were high. [8] This profile suggests a state in which fat catabolism and glucose production are prioritized above energy storage and growth [8, [20] [21] [22] [23] [24] [25] . At baseline, serum triglycerides, ketones, and even-chain acylcarnitines were higher and leptin and HMW adiponectin lower in HIV-infected patients than in HIVnegative patients. When controlling for W/H z-score, lower HMW adiponectin levels remained significantly associated with HIV infection, though leptin levels did not. Nutritional treatment reversed the state of lipid mobilization and fatty acid oxidation and increased the levels of amino acids and C3 acyl (propionyl)carnitine. Insulin and IGF-1 rose while GH, cortisol, and ghrelin declined. HIV status did not modify the effect of treatment on most metabolites, hormones, growth factors, and cytokines. However, nutritional intervention increased HMW and total adiponectin levels in HIV-negative patients but not in HIV-infected patients; their levels remained significantly lower despite high calorie feeds. Leptin, on the other hand, increased in both HIV-infected and HIV-negative subjects.
Previous studies have linked decreased levels of leptin and adiponectin to HIV infection, particularly in the context of HIVassociated lipodystrophy, a syndrome characterized by fat redistribution, dyslipidemia, and metabolic syndrome. Many investigations implicate ARVs in the development of this syndrome, citing medication-induced adipose dysregulation and mitochondrial toxicity as potential mechanisms [10] [11] [12] [13] [14] . Additional studies, however, in untreated adults and mice have shown that HIV infection itself may be associated with adipose tissue dysfunction and decreased levels of adiponectin and leptin [26] [27] [28] .
Adiponectin is produced by mature adipocytes; over-expression of adiponectin increases hepatic insulin sensitivity, while low levels of adiponectin are associated with insulin resistance and the metabolic syndrome [29] . Circulating leptin levels rise in proportion to white adipose tissue mass; higher levels are associated with obesity and lower levels with fasting and malnutrition [22] . The severe hypoadiponectinemia and hypoleptinemia in our HIV-infected children suggest a state of insulin resistance associated with depletion of white adipose tissue reserves.
The pre-existing mass and function of white adipose tissue appear to play roles in the adaptation to, and recovery from, malnutrition because low levels of leptin and adiponectin at baseline were associated with subsequent mortality. Indeed, baseline hypoleptinemia remained a strong predictor of mortality when controlling for HIV infection and W/H z-score in a multivariate analysis. While these findings do not prove that mortality is caused by hypoadiponectinemia and/or hypoleptinemia, there are potential mechanisms by which hypoadiponectinemia and hypoleptinemia might contribute to mortality risk. For example, a lack of pre-existing adipose tissue stores, suggested by hypoleptinemia at presentation, may limit a child's ability to sustain energy production for critical cardiorespiratory function during the initial phases of acute severe malnutrition. Moreover, leptin and adiponectin have immunoregulatory properties that may modulate the response to infectious pathogens. Leptin activates NK cells, induces neutrophil chemotaxis, enhances secretion of pro-inflammatory cytokines, and induces activation and proliferation of T-cells, while adiponectin promotes production of numerous anti-inflammatory cytokines [30, 31] . It is possible that the combined effects of HIV infection and malnutrition on adipose tissue and immune function may increase mortality risk.
There were several limitations to our study. Blood samples were not obtained after fasting, as this could not be justified in critically ill patients. Our small sample size prevented us from conducting potentially important analyses of subgroups including HIVinfected patients who died (n = 6) and those already taking ARVs. Additionally, 17.6% (n = 13) of the original patient population left the ward prior to completing nutritional rehabilitation.
Nevertheless, this study provides a comprehensive analysis of the effects of HIV on the pathophysiology and recovery from SAM in childhood. Our findings suggest a critical interplay between HIV infection and adipose tissue storage and function in the adaptation to malnutrition.
Mortality in malnutrition is predicted by low W/H z and low MUAC. However, these can be difficult or impossible to interpret in infants and children with nutritional edema. Currently, all patients with nutritional edema are categorized as having SAM and treated accordingly. Our finding that hypoleptinemia predicts mortality in edematous as well as non-edematous subjects suggests that leptin assays might in the future be used to identify and target malnourished children at highest risk of death [8] .
Finally, it should be noted that the optimal timing for initiating ARV treatment in HIV-infected children with SAM is currently unknown. In some cases, early initiation of therapy may increase the risk of clinical deterioration; in clinically stable children, however, it appears to improve outcomes [12, [32] [33] [34] [35] . Future studies should determine if the effects of ARVs on adipose tissue metabolism and function influence the clinical response to treatment of severely malnourished children.
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